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ThiB Special Teohnioal Report dliouun the theory and 

application of low-angli x-ray diffraotion by long waralengthi. 

Four mothoda of obtaining the diffraotion pattern are 

deaoribed, namely (1) the double-crystal apaotroneter, (2) the 

annular alit system, (3) the oonoare mica, point-focusing 

monochromstor, and (h) the total-reflection, point-focuaing 

system.   The design and construction of the total-reflection 

equipment is deaoribed in detail.    This method is applied 

to the measurement of the Dow latex particles. 

The work described here is essentially the subject 

matter of & thesis for the Ph.D. degree In Physics of Mr. 

Burton Henke. 
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I.     INTRODUCTION 

The most direct way to evaluate the sise and shape of a 

structure which is beyond the resolution of the light Microscope is 

to use the electron microscope*    Tha resolution of this instrument as 

set by lens aberrations is generally no better than 20 A.    However, 

often particles as large as 500 A cannot be photographed because of 

their transparency to the electron beam.    This is particularly true for 

organic samples.    Shadow-casting techniques are used to circumvent this 

lack of scattering power, but sometimes this treatment changes the 

structure to the extent that an interpretation of sise and shape is 

difficult.    Another inherent limitation of the electron microscope lies 

in the great difficulty with which a calibration of the magnification 

is made.    To date, there is no calibration technique which is or accuracy 

commensurate with the resolution of the electron microscope. 

Another, less direct method for studying sub-light-microscopic 

structure is that of low-angle x-ray diffraction.    In fact, this method 

may be applied to sub-electron-microscopic structure as well.    In this 

approach, however, one does not study the structure of a single particle 

or individual, but rather one obtains Information from the integrated 

effect of scattering from a great many particles or individuals. In one 

respect this is an advantage since the diffraction intensity distribution 

that is characteristic of the sise and shape of a single unit is greatly 

intensified by the addition of patterns from all such units that make 

up the sample.    The calibration of the diffraction camera lies simply 

in the measurement of its linear dimensions.    This method could be used 

1 
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pattern, and (2) the validity of the diffraction theory that la ueed. 

The applicability of the relatively straightforward Guilder theory'*"' 

reeta on the following assumptions! (1) The diffraction unit la so 

designed that the pattern which la formed la identical to that which 

would be foraed by a parallel monochromatic beaa of negligible cross- 

aeotion. (2) Electron density fluctuations within a particle occur 

in regions that are snail conpered with a wavelength. (3) Effects 

due to absorption and refraction within the sample are negligible. 

(U) Effects due to multiple scattering and to multiple refractions 

are negligible. 

The use of long wavelengths in low-angle diffraction methods is 

of considerable interest. The effects of multiple scattering, multiple 

refractions, and of electron density fluctuations become, or can be 

made, vanlshingly snail at these wavelengths. The larger angles of 

scattering for the long wavelengths permit the measurement of the very 

important central region of the diffraction pattern, and finally* the 

else of the particles and the thinness of the ssmpls mounting 
i 

appropriate to these wavelengths invite direct comparison studies with 

the electron microscope.    Such studies might provide valuable information 

as te the nature of packing and other gross features of the material. 

A aalibraticn of the electron microscope oould be mads from the 

\ 
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to determine accurately the diameter of such uniform particles aa the 

now well known Do* latex spheres, ($80 0, lot 358U) which, In turn, 

mmj ts used to calibrate the electron microscope* 

The accuracy of such a measurement depends upon (1) the reeo- | 

lution afforded by the means adopted for measuring the diffraction 

I 
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identloal latex particle sample which had been accurately Measured 

by tha long   wavelength diffraction nethod. 

Tha purpose of tha work which la deecribed hara haa been tha 

develcpnent of a long wavelength, low-angle diffraction method.    This 

research waa undertaken after two years of work with tha electron 

sdorosoope.   A diffraction theory for the region of long wavelengths 

la discussed.   Several aodes of low-angle diffraction instrumentation 

are Investigated.   One of these* which utilises total-reflection 

focusing, la developed in detail.   This Instrument is applied to the 

it of the Doer latex particles. 



For ordinary x-rays at least, the shape of the low-angle 

diffraction pattern Is completely independent of all the character- 
I 

istics of the material except the particle size and shape.    This is 

*• 

» 

not true for the corresponding light scattering methods for which a 

sise determination rests also on the knowledge of the index of re- 

fraction and the absorption coefficient.    Perhaps this is the most 

lmoortant reason why low-angle x-ray diffraction is attractive for 

high precision measurements. 

Somewhere between the ordinary x-ray and the ultraviolet 

regions this sensitivity to the characteristics of the material other 

than sise and shape of particle structure becomes appreciable.    The 

"unit difference" of the index of refraction for x-rays increases with 

the square of the wavelength, and the mass absorption coefficient with 

the cube of the wavelength.    Therefore, it would seem appropriate that 

one should investigate first the effects of any second order terms to 

the ordinary x-ray diffraction theory in the development of a long- 

wavelength diffraction method. 

In order to be specific, it is intended to treat only the 

diffraction of a plane wave by a homogeneous sphere of diameter which 

is large compared with the wavelength.    This is the aspect of the theory 

which will be applied directly to the problem of measuring the Dow latex 

particles. 

1.    Diffraction by a Homogeneous Sphere - The Ouinier Method 

This relatively simple theory of diffraction of a plane 

1 
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electromagnetic wave by a homogeneous sDhere is based upon the 

assumption that absorption and refraction can be neglected. It is 

assumed that the primary wave within the sphere in just as it would 

be if the sphere were absent. The amplitude of the wave diffracted at 

any particular angle is then integrated over all the contributions 

from infinitesimal dipole scatterers distributed uniformly throughout 

the sphere. This was done in terms of the polar!zability and finally 

(2) 
in terms of the index of refraction of the material by Rayleigh. 

and Gaiur . It was done by Ouinier' ' in terms of Thomaonian- 

electron scatters. That their results are equivalent is demonstrated 

by replacing the index of refraction in the Raylelgh-Gans expression 

by its classical value for the x-ray region. 

One may obtain the Ouinier expression by simply integrating, 

over the limits of the sphere* the reflected amplitudes from differ- 

ential planes of circular section and of thickness ds. The differential 

amplitude component would then be equal to the product of four factors 

as follows» (1) the Thomson amplitude scattered per electron, (2) the 

number of electrons per unit volume, (3) the volume of the circular 

reflecting plane, (U) cos kz - - where ks is the phase of the i- 

scattered component relative to the mideection plane, s • 0. See Fig. 1. 

Thus 

0 

/«*- A • 2iTn A,       (R* - %') cos k* ds (l) 

0 
This may be readily integrated (Jahnke-Emde VTII-8b) 

A = (2ir)     ni,R3     "^   ,     u «= kR       u (2) 
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Pig. 6    Diffraction Geoaatry 

I 
Maaniog of Symbols 

€ - Angle of scattering 

R - Radius of particle 

X - W«T*l*ngth of Incident radiation 

u -    4TTR      sin (€/2) 
—K— 

n - Number of alaetrons par unit Tolume 

I - Total nunbar of alaetrons par particle 

$ - Unit deoreaent to tha refraotlTe index 

u - Mass abaorption eosffiolent 

s - Mass scattering ooeffioient 

Z • Atoaio nuaber 

M - Atomic mass 
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Squaring the amplitude in order to dartre the intensity,  and recalling 

the Thomson expression for the Intensity scattered per electron 

Ie= lA.I2   = Io  SJL    ,   (1 • coa2 € ) 
2r2 m^c« 

we obtain finally 

which is the Guinier distribution of intensity diffracted by a 

homogeneous sphere.    A plot of   I J^   (u)/u^   I x 10      for values of u 

from 0 to 30 is shown in Fig.  2.    The corresponding Rayleigh-Qana result 

may be written as 

ne2   \2 
If we let   m - 1 =   6 =    ~    (the Drude-Lorentz classical result), 

21TBC<; 

we obtain an expression which is identical to (3). 

It is interesting to note that this substitution for   £   is 

valid only when the incident radiation is of wavelength that is not 

close to a critical absorption wavelength of the material particle. 

Unless this condition obtains it may not be possible to consider the 

scattering electron as entirely "free". 

2.    The Validity of the Ouinler Diffraction Theory for Long Wavelengths 

Since refraction and absorption effects increase rapidly with 
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Fig.   2   Maxima and minima of diffracted intensity distributed 
for a   spherical particle 
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warelength, the question arises as to whether or not these effects 

nay be neglected for the long wavelength x-ray region.    To answer 

this question we must return to an exact solution of the problem derived 

from the application of Maxwell's equations.    The exact solution for 

the diffraction of a plane electromagnetic wave by a homogeneous sphere 

\ was first solved by Mie^.    In their texts, Smyths^) and Stratton*6) 
* 

outline the solution. This is given in infinite series form in terms 

of Lagendre polynomials with coefficients involving spherical Bessel 

functions. Because of the importance of these solutions for light 

scattering applications^ , they have been extensively tabulated*' . 

Debye   and van de Hulst'  ' have developed different forms of these 

p 

L 

solution which are more amenable to analysis. It is a straightforward 

matter to obtain Guilder's expression for the limiting case for which 

the index of refraction approaches unity from van de Hulst's work. 

However it would seem most satisfactory to start from a reduction of 

the Mie theory to equations of closed form which has recently been 

accomplished by Hart and Hontroll'  ' for scattering by "soft spheres". 

Their solutions become exact as the index of refraction approaches 

unity, and do yield the Ouinier expression for the ordinary x-ray 

region as would be expected. 

Now in order to obtain from their result terms which may be 

regarded as second order corrections to the Ouinier expression we 

replace the index of refraction, a, by 1 - Y where V is given by 

Y = <? + ip> the sum of the real and the imaginary increments. The 

latter introduces the effect of absorption. Since |Y|«. 1 we may 

immediately rewrite their result as 
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\w)% 2 (*x)V2      
; 

In which   x =» 2 IT R/\    and for the x-ray region of interest where 

P « <$ « 1    and where sin fe   may be replaced by   fc   in correction n 
terms* we may express   w = 2 sin  fc/2(l —i- (<$/€. )    )    and 

• = 2 cos   €/2 .    Since then v » w and    | Y | <<   1 , we may neglect 

the second term in the parenthesis.    Thus* the above expression may 

be written as 

1^ 

Io 

which is the Ouinier expression plus the second order terms. In order 

to compute these corrections to the Ouinier diffraction pattern we use 

the arude-Lorentz expression for 

S =   2*W     X*   « 2.70 x IO-* £_ X2 (?) 

and the classical expression for p (Compton and Allison* p 278) 

10"8 

*'T*    tnfX <8> 

in which  X is to be expressed in A.U.   We then obtain 
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«-)•-»-»• ww (10) 

The refraction correction (9) increases rapidly for very small angles 

of scattering, and for a given relative angular position, it increases 

with X2. The absorption effect increases with Z° and v since 

u,   is approximately proportional to (Z X ) . 
/m 

Below are tabulated the numerical values of the3e corrections 

for two systems of particles which have been of interest, the latex 

particles and gold sols. These are computed for a typical "ordinary" 

wavelength, Cu K«. (1.51* A) and for a long wavelength, 0-K«* (23«6 A). 

The refraction correction is referred to the inflection point of the 

central maximum and to the position of the first secondary maximum. 

It should be noted that the refracticn correction is equal to 

the relative error in a measurement of R, if this correction is not made. 

Sample 

X 

Refraction Correction l?V£~j / 
Absorption 

Effect 

Inflection 
Point 

1st Secondary 
Maximum (ff 

Dow latex 
particles 

R = 1350 A 

1.51* 

23.6 

1.5 10'h 

3.7 10-2 

8.6 1CT6 

2.1 10*3 

3.5 10"6 

6. 10-2 

Gold Sol 

R = 250 A 

1.51* 

23.6 

5.6 1(H* 

.11* 

3.2 10-5 

.8 10-2 

7.8 10-3 

.2 

\ 

) 

I 

The following conclusions may now be drawn from the above results: 
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(1) The Qulnler theory does accurately predict the shape of the 

I diffraction pattern for ordinary x-rays such as Cu-K* (1.5U A), to 

within a maximum error of about one tenth of one percent. Since the 

| maximum absorption effect Is merely to Increase the intensity of the 

pattern by about one percent* this effect is wholly negligible for usual 

applications with ordinary x-rays* However, the total power scattered 

•ay drop appreciably for any wavelength that is very near to a critical 

absorption edge for the scattering material. 

(2) For long wavelength diffraction a refraction correction may well 

be necessary as indicated above by the nearly fifteen percent shift 

in the diffraction pattern near the Inflection point of the pattern 

for 250 A gold sol, using 23.6 A radiation. Since, however, this 

9 
effect is proportional to />  , it would be entirely negligible even 

at this wavelength for organic samples. At long wavelengths the 

absorption effect does appreciably increase the total power scattered 

by dense materials, e.g., twenty percent increase for gold using 23.6 A.* 

(3) Refraction effects will be negligible as long as SR« A. If 

a correction is necessary, it is relatively easy to apply, and does not 

require a very precise knowledge of the refractive index. 

In the analysis of multiple scattering and multiple refraction 

that follows, the usual Oulnier expression trill be used. Its form in 

(3) may be rewritten as: 

* It is interesting that the first effect of absorption within the 
sample is to produce a diffraction pattern identical to that 
produced by scattering. This has the analogy, of course, in 
the operation of the Babinet principle for aperture vs screen 
diffraction. 
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I = C i0 

Jy2
(u) 

In which 

C • 
r2 j2H 

and for M x2Z, C08 6=sl, 

(11) 

C s (1.78 x 10"2U) ^*L   = K -£?|£ (12) 

3.    The Haas Scattering Coefficient for Low-Angle Diffraction 

Before we can determine the effects of multiple scattering, 

we must first calculate the total power scattered in the diffraction 

pattern and the scattering cross section. 

The total power scattered is obtained by integrating the 

intensity over a spherical area which includes all of the pattern. 

Thus 

P =   (l( e)(2Tr2 sin £ de) = K I0/0
2 R6(2TT) /    */2  " 

I ' u3 
sinede 

But we may write 

sin t d £ » U sin (-|-) cos (_|-) d ( *  ) 

and since    u = =-— sin — 

U sin _*_ cos _£_   d (_L) =   _i_ /.A. Udi 
2 2 2 ,22 
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we have finally 

oo      „ .2 

f.jL Io^„i. ^ f  :!k^du 
2ir   *°r * J 3T 

O 

The infinite limit is Justified by the very rapid way with which 

the integrand approaches sero as u becomes large.    This expression is 

readily integrated (Watson, Bessel Functions 13tUl) and we obtain 

P.iif   ^f^X* (U) 

And the particle cross section for low-angle diffraction is 

(1U) 
P       I Io   I U IT2 

The cross section per gram is the product of the number of particles 

per gram and the cross section per particle.    Thus 

S« = IT X »3    \ Sr, =       3K ,   P R  X2 (15) 

By using (12) we obtain 

S„ * 0.011 /OR \2 (16) 

in which R and   X  are expressed in A.U. 

U.      The Mass absorption Coefficients for Long Wavelengths 

We shall also need values for the long wavelength absorption 
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coefficients in order to determine the effect of Multiple scattering 

and to obtain a criterion for sample thickness. 

Very little work has been done on the measurement of mass 

absorption coefficients in the long wavelength region.    Coapton and 

Allison^    ' have published Allen's compilation of the work of 

Jdnnson       , of freshen and Shein*      , and of WoentiV ''.    Later work 

on absorption of long wavelengths in aluminum has been published by 

Bandopadhyaya and Maitra^l6\ who hare found that    /*B • C   \2*95 

for Al and for wavelengths from 7 to 21* A.U. 
(17) 

Victoreenv    ' has used Allen's compilation of absorption 

coefficients to determine the constants in a semi-empirical equation 

which he than uses to complete a table for    ^m as a function of atomic 

number and wavelength.    These values of  u.  > however, are only for 

wavelengths below the critical K-absorption wavelengths and consequently 

include only the long wavelength data for the light elements. 

In order to learn whether or not there exists a simple power 

law relationship for the mass absorption coefficient as a function of 

atomic number, log f±m was plotted against log Z for 8.32, 11*9) 

13*3* 23.6, and Uh.5 A.U., using all available values for    /*n.    The 

values for each wavelength were satisfactorily fit by a straight line 

on both sides of the critical K-absorption point.    All such lines for 

all five wavelengths have nearly the same slope, which is approximately 

equal to 2.65.   We conclude,therefore, that an expression which will 

give the absorption coefficient for wavelengths in the 10 to 25 A.U. 

range within a first order of approximation is 

/^-C   \2'95Z2*65 (17) 

f 

1 

) 
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i 
rifc. 3     MASS ABSOBMIQM COEFFICIENT 
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In Fig. 3 the mass absorption coefficients are plotted against 

the atomic nuaber of the absorber for Al-K (6.32 A), Cu-L (13*3 A), 

Ni-L (lit.5 A), and 0-K (23*6 A) using (17) to obtain the curves for 

Ni-L (1U.5 A) radiation. 

$.  Multiple Scattering in Lou-Angle Diffraction 

We shall calculate first the shape of the second-scattered 

intensity distribution. This component would, of course, be the 

strongest for low-order Multiple scattering; that is, it would be 

i much larger than the third scattered component, etc. It will be 

necessary to compute the distribution of the scattered intensity frcm 

a spherical particle which receives an incident intensity that is Bade 

I up of components from first-scatterers which are behind this particle. 

These components are proportional to the value of the first-scattered 

Intensity distribution function for the angle 0, which is the angle 

I between the incident beam direction and this first-scattered component 

I at the second-scatterer. See Fig. U-a. The first-scattered component 

also depends upon the distance of the first scat terer to the second- 

scatterer, but for a uniform sample this dependence will not involve 

0* It will be assumed that these particles are far enough away that 

the first-scattered waves are plane. Then the second-scattered 
* 

intensity will be proportio.ial to the integral 

L,   «(     I (e**> I ( ^ ) d0 
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in which I is the first-scattered intensity distribution derived 

above. Since only the strong central portion of the scattering will 

be important in second-scattering, it would be sufficient here to use 

the exponential approximation to the exact distribution, (11), which 

has been derived by Ouinier  .  Thus (11) nay be approximated as 

*-(*) 

2 6  -x2*2 

KIQ £_L e ~T" (17) 

and the desired integral becomes 

°°   -JJ-.&l-tf 
«.«• ' 

/    e    5 e   
5 d0 

Integrating, we obtain 

x2 fc2      oo 2X2   /,<      P \2 

7 ('- 4)' -  X*  € 2 -2 

I2  °<- e / e d0oCp 

o 

Then the second-scattered intensity distribution may be written as 

_x2fc2 

I2 = C e    "TO""" 

in which C does not depend upon    fc   and may be determined in terms 

of the scattering coefficient as will be shown below.    We note that 

the second-scattering produces another Gaussian distribution which is 

broader than that of first-scattering by a \2    factor. 

Let us now consider the effect of a thick sample with respect 

to both the first and second scattered components.    The total mass 
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abaorption coefficient will be  p-^ * /*•„, • *n  , end we shell let 

/^t x ^-+8  denote the corresponding linear absorption coefficient for 

I 
the sample Material,    tfe consider first the amount of first-scattered 

\ 
This is 

intensity that leaves an element of unit area and thickness dx within 

the sample and reaches the region outside the sample. See Fig. h£>. 

(L-x) 

d I  =« IQ e   (sdx) e 

Integrating, we obtain the total intensity of the "pure" first- 

scattered component 

Ilt = (sL)e  
t IQ = (s^m) e   •     IQ (18) 

in which m is the mass per unit area of sample. 

Similarly, the total intensity of second-scattered radiation 

that emerges from the sample is derived from 

-/*tx      -/»t(L-x) 
d I2t = (ax)  e    (sdx) e 

and 

I2t-4-(aL)
2e   I0 = -i- (s.*)

2 •  "l0 (19) 

From (18) and (19) we may obtain the ratio of the total power that 

is second-scattered to that which is first-scattered. 

pa2    1 
-21 * 4- (s,nm) (20) 
Psl    2 

Integrating the first scattered intensity distribution function over 
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| the spherical ajraa include in th. patfrn ud aquating this to the 

total power that is first-scattered from (lfl), we obtain 

2ltrC   /    ^1 * Cdc-^ma Io-—^T   ^1 
,r7 *• 

Therafora the first-scattered Intensity distribution for a thick 

•ample is 

2 - ^«        - i2*! 
\ «—=-3 (H«> • Io •       5 (2D 

The scattering coefficient a,, is given from (15)* 

In a similar way we may obtain the second-scattered Intensity distribu- 

tion for a thick sample* 

And the ratio of the power that Is second-scattered to that uhlch is 

first-scattered at a particular angle becomes 

-k-(Si).^ („, 

Setting dlj/bm = 0 in (18)   ve obtain the value for the mass par unit 

area of sample that will yield maximum first-scattered intensity. 

This is 

1 1 
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Doing the saw for I, from (19) we not* that the Tain* of a that 

results In wad— second-scattered intensity is Just twice this thick- 

ness. 

Many workers have used the   -i-   thickness for their low-angle 

diffraction sample mounting.    In fact sons hare used calculated l/u. 

thicknesses whioh neglects the contribution of snail-angle scattering 

to the total absorption coefficient.   That these practices result in an 

appreciable amount of second-scattering along with the first-scattered 

intensity distribution is shown by computing the ratio of the second- 

scattered pee or to that which is first-scattered for two sample*, the 

Dow latex particles and 250 A carbon black. 

\ 

) 

I 

/ 

Latex! 
R» 3 

^articles 
L350 A 

Carbon Black 
R« 250 A 

wavelength 1.5U 23.6 

1.1 10** 

1.5U 23*6 

2.8 103 Scattering Coefficient, s U7.U 11.8 

Mass Absorption Coefficient, M„ U.52 ID* U.52 IO1- 

Pg/P^ for X/f   thickness 5.0 0.5 1.3 0.1U 

P2/PI for 1/M + s) thickness .1*8 .25 .36 .11 

I 

The nature of multiple scattering is such as to "smear" out the 

first-scattered distribution thus obliterating the secondary maxima 

in the second-scattared distribution. Often the secondary maxima from 

first-scattering can be detected above a relatively large amount of 

more or less continuous second-scattered background. The shift in the 

>••-.*.: »S*r**. .»«d«MS*V 
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positiona of the peaks due to the presence of the background is 

easily corrected for.    Therefore It is conceivable that if one is 

concerned only with the position of secondary maxima the amount of 

second-scattering that is associated with l//*t sample thickness, as 

indicated above, could be tolerated. 

Usually, however, one does not have the uniformity of particle 

sise that is necessary to obtain these secondary marina even in first- 

scattering.    And the problem then is tc determine the site distribution 

as well as the slip from Information that is obtained from the central 

region only.    In this case, l//*t thickness would yield a very 

erroneous intensity distribution.    In fact the sample thickness should 

be determined by the rule that 

which usually gives a value of m considerably less than 1/ f\n 

Unfortunately, the power scattered is also proportional to 

(Sgm) and is therefore reduced considerably along with the reduction of 

second-scattering.    This fact explains and emphasises the need for a 

high intensity, and a high intenaity-to-background ratio for the 

diffraction unit. 

6.     The Multiple Bsfraetlon If fact 

One of the first descriptions and applications of small angle 
(18) scattering by microscopic particles was by von Nardroffv    ' in 1926* 

He considered the x-ray beam to be refracted by each spherical particle 

as though it were s small lens*   Thus as regards Its angular distribution, 
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the pattern from an individual particle would depend only upon the 

index of refraction and not upon the also of the particle. Hew ever, 

for the oaae of Multiple refraction, the pattern ia broadened such aa 

vaa described above for eultiple scattering, and this broadening we* 

considered a function of the nuaber of refractions. For the refraction 

indices extremely close to unity aa considered by Ton Nardroff a huge 

nuaber of repetitions of the process, aa the bean traversed successive 

particles, were required to produce a measurable enlargement of the 

pattern. Assuming that the enlargement of the primary beam was due 

to this effect alone (thus completely ignoring low angle diffraction) 

von Nardroff deduced in this way the nuaber of particles through which 

the been passed. Knowing the thickness and density of the material, 

it was then possible for hist to compute the inferred radius of the 

particles. 

However, as we have already shown, for particles which are 

below the light-microscopic range, for which the relation 5 R «. X 

ia almost invariably true, the diffraction of the beam ia nearly the 

complete cause for the scattering, and refraction ia negligible. And 

if the refraction broadening were not negligible it could be included 

in the scattering coefficient by integrating the more axaet scattering 

function — the above analysis for multiple scattering would still apply. 

7.  The Packing Effect - Inter-Particle Interference 

A final aechanism that eight distort the diffraction pattern 

from that expected for a single sphere would be that of inter-particle 

Interference.   A regular spatial arrangement of any sort will change 

\ 
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the intensity distribution from that for a single particle or for 

randomly spaced particles. And this effect is most narked in the 

central portion of the pattern which is usually the region of 

greatest interest. The effect of this inter-particle interference 

in the measurement of the latex particles is discussed by Danielson, 

Shenfil, and DuMond*19'. 

The affect of the inter-particle interference which "measures" 

the packing of the particles may be separated from the effect of the 

diffraction component which "measures" the sice of the particles 

provided the type of packing is known. Otherwise one must guess as 

to what is a reasonable packing model and check its validity by 

indirect means* 

8.  The Advantages of Long Wavelength Diffraction 

i 

.! 

I 
i 

» 

Because of the high absorption and scattering coefficients for 

the long wavelengths in the region of 15 to 25 A, low-angle diffraction 

samples as the Dow latex should consist of mono-particle layers 

mounted on thin films very much as for the electron microscope. This 

type of mounting has several advantages: (1) Multiple scattering is 

eliminated. (2) One may gain more control of the dispersing of the 

particles* using the same techniques' ' that have been used in 

electron microscopy* For particles smaller than the Dow latex particles 

which one might wish to be in double-layers, for example, the sample 

could be built up of two mono-layers one on each side of the supporting 

film, thus insuring randomness. (3) The same sample or one that is 

mounted in an identical manner to that which is used for the low-angle 
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diffraction study nay be then studied with the electron microscope 

for useful "gross" Information. The nature of packing can thus be 

determined* if the particles are not observed to be randomly 

distributed, and In turn* this affect can be taken into account In the 

slse determination by the low-angle diffraction method. A direct check 

on slse distribution for the sample that is used In the diffraction 

camera may also be gained In this way. (U) Such thin samples require 

relatively small amounts of sample material. This is an Important 

consideration with certain types of virus investigations, for example. 

The larger angles of scattering associated with the long ware- 

lengths bring the important central portion of the diffraction pattern 

out of the vicinity of the direct beam. When the diffraction intensity 

is so weak as to be barely measurable above background, these larger 

angles permit the effective use of stops near the sample to reduce this 

background. 

Finally, as will be described In Part IV, the Instrumentation 

for long wavelength diffraction can be made relatively simple, yet 

with satisfactory intensity, resolution, and monochromatisation. 

1 
I 

\ 
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III.  DIFFRACTION UNITS 

The principal requirement for a diffraction unit la that it 

form a diffraction pattern which is identical to that which would be 

formed by a Monochromatic, parallel beam of negligibly small cross 

section. This need for high resolution and good monochrometization is 

very strong because of the requirement for precise data imposed by the 

necessity of "unfolding1' or otherwise correcting the observed diffraction 

pattern with respect to effects such as inter-particle interference, 

size distributions, or with respect to the usually subtle changes in 

the diffraction due to a non-spherical shape of the particles. Since 

21tR 
R is calculated from the diffraction parameter u = -^r~€  > ve note 

that the relative deviation in R as a function of the monochromatisation 

of the primary radiation and angular resolution becomes 

f-*#•(*) R 

Also, as has been pointed out above, in order to suppress 

multiple scattering thin samples are necessary, and this is at the 

expense of scattered intensity. Consequently, another requirement 

for the diffraction unit is that it have a high intensity source and 

that it produce a high intensity-to-background ratio. 

The need for high-intensity leaves out of consideration the 

simplest approach of using pinhole collimation. Four other types of 

geometries for diffraction units have been investigated and are 

described below. 
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1.      Straight-Slit Oeometry 

Many workers hare and still do use slit geometry In their 

diffraction units as a compromise with angular resolution in order 
(21) to obtain higher intensities.    ludowitch has worked out the 

conditions for optimum slit geometries.    For two-slit systems he 

finds that the sample-to-film distance should equal the sample-to- 

source distance; that the area of the source slit should be twice 

that of the sample slit; and that the optimum slit height to slit 

width ratio depends upon the angle of scattering.    Monochromatisation 

In the two-slit systems is usually by means of filters,    Quinier'1' 

has used a curved crystal to obtain a monochromatic beam which is of 

slit dimensions at the film position.    DuMond^22' was one of the first 

to suggest the use of the double-crystal spectrometer for the attain- 

•nent of high monochromatisation.    This was the first method of low- 

angle diffraction which was investigated in the work described here. 

A photograph and a schematic drawing of the double-crystal spec- 

trometer arrangement for low-angle diffraction is shown in Fig. $. 

The crystals of the double spectrometer which should be of high 

quality are set in the position usually used for study of the "parallel- 

position rooking curve" of the crystals.   With the sample whose low 

angle diffraction is to be studied placed in the x-ray beam between 

the two crystals the low angle diffraction results in an observable 

broadening of the rocking curve.    Initially, an ion chamber method 

of detection was used, but later a superior method using a xenon-filled 
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\ 
/ G«lger tube* especially designed and built by William West*, was 

t employed. Preliminary work on the measurement of carbon blacks was 

done, using both Mo-K (0.709 A) and Cu-K (1.5U A) radiation. 

I 
This approach to low-angle diffraction measurement presents 

II 
f • two major problems: First, it was discoTered that the scattered 

intensity was often not much larger than that associated with the 

diffraction wings of the crystal rocking curve in the absence of the 

r sample. And second, there remained the basic problem characteristic 

of all slit geometries which is that of correcting for the finite slit 

i dimensions* There is of course no slit collimation per se in this 

double crystal spectrometer but the angular collimation resulting from 

the geometry of this double crystal arrangement introduces the same 

1 type of distortion and calls for the same kinds of very complicated 

correction to the diffraction pattern as are encountered in the case 

of slits. 

i (A)      Background Subtraction Method 

A background subtraction method was used successfully with the 

double-crystal spectrometer to overcome the first problem by taking 

the difference between two readings taken for each angle of scattering 

measured - one with the sample at position A, and the other with it at 

*   William West initiated the work in low-angle diffraction using 
the double-crystal spectrometer.    He left this to complete a 
thesis on the measurement of crystal reflection coefficients, 
but has published later work on the low-»ngi« diffraction measure- 
ment of clay particles.  (Ref. 23) 

«i,.—«... 
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B. Let W(€ ) be a normalized window-curve distribution for the two- 

crystal spectrometer, i.e., the rocking curve in the absence of the 

sample. The intensity measured then at position A is 

IA(6) = I0 e^^Wfe) 

And the Intensity at B is very nearly 

h = Io •~/*tnnv(0) 0(O • I0 e"
/tto"w(€) 

in which 0 (€ ) is the diffraction scattering distribution for the 

two-slit system. Taking the difference Ig - I. we obtain this component 

of the scattering with the background subtracted out. 

(B) A Method for Correcting for finite or Infinite Slit Systems 

As one may readily see from Fig. 6-a, the scattered intensity 

measured at a given distance from a straight-slit system is the 

integrated effect of contributions from a range of scattering angles, 

- 60 to + 90. Two typical cases are illustrated* (1) The detector 

or microphotometer window slit height is small compared with the bean 

height. (2) The detector of microphotometer slit height is long 

compared with the dimensions of the diffraction pattern. For either 

case the experimentally measured intensity distribution is given by 

the integral 

*o 

ix(e)=| i (Vfe2 + e2 Jd e (26) 

in which I is the desired function, i.e., the intensity distribution 
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function for a parallel, monochromatic beam of negligible cross 

' section. 1 
2 tNow suppose that In Iz la plotted as a function of  t  . At least 

for large angles this plot is almost invariably a straight line. In 

fact, as will soon be evident, if the sample were aade up of spherical ] 

f particles of uniform sise, the entire plot would be a straight line* 

But say for     fc >£Q* we nay write 

ll 1,-A.^2 (27) I 
This means that for £ > CQ the desired, "unfolded", intensity 

distribution must be Gaussian also because the above integral, (26), I 

I ] folds a Gaussian function into another Gaussian of the sane argument. • 

This is why the Measured Intensity would be plotted as a straight line on 
t 

the In Ix vs £
2 graph for all angles if the sample were a uniform 

distribution of spherical particles* and therefore, according to the 

Gulnier approximation, would yield a Gaussian intensity distribution 

!"• 

t 

i 

-(U1T2 R2/5 X2) €2 

I = I e 
o 

For this "ideal" sample, the measured intensity becomes a Gaussian of 

the same argument by (26), and the slope of the In 1^ vs €2 graph 

is then equal to UlT2 R2/5 2 from which R is determined. 

But because of non-uniformity of sises of particles, or 

because of non-spherical shapes of particles, this Quinier approximation 

usually does not apply, and the effect of the finite slit system is to 

produce a measured Intensity function that is of different form from 

that which would be due to a beam of negligible cross section, never- 

theless, it is characteristic of low-angle diffraction patterns of a 
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more or loss non-uniformity of particle sizes to form a straight line 

on a In Ix vs € 2 plot for an appreciable range of angles greater than 

a particular angle, say £Q. Thus we may obtain (26). Since the 

scattered distribution of intensities is not changed in form by the 

finite slit-system in this range of angles, let us consider this "tail" 

of the curve, for Ix» for which € > e., as the corrected curve, and, 

by a numerical integration process, extend this corrected curve into 

the region of smaller angles of scattering. We must then consider 

the resulting "folded" intensity curve as identical in form to the 

original curve, Ix, but multiplied by a factor F. This factor is 

determined by applying (22) to the portion of the curve, Ix, which is 

to represent the corrected curve, i.e., for e>€ . Thus 

(°°  -b(£2-e2)    f^ 
FIX = i  A e d 9 = "V ~" «rf (b 9Q) A e 

and we obtain 

-yiE •rf (b 0O) (28) 

Now for the angular region less than 00, we may write 

nx(e)«2  f   i U2 +e2)d e -2A9 \*I (^2 • (n  e)2) ,,,, 

o 

where the number N is defined by the equation (N + r)Ae • 90.    Now 

by solving for the desired intensity term, I( € ), which incid«ntally, 

is usually the largest term of the series In the summation, we obtain 
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Fye) 

x<£> = 77T -11 (v^2 + <n *e)2j (29) 

i 

In this way, the corrected intensity distribution for any angular 

position*   e   , is determined by the measured intensity    distribution 

at this angle and by a correction tern which consists of a sum of 

terns based on the measured intensity for larger angles.    This equation, 

therefore, permits a continuation of the corrected curve into the 

smaller angle region. 

A simple method for rapidly evaluating the correction term is 

indicated in Feg* 6-b.    Let   £    be the angular position to which the 

corrected intensity curve is to be continued next.    The vertical line 

at this angle is marked off into M divisions such that (N+ X )A9 = 80, 

the half-angular height of the effective slit.    A sliding radius arm, 

pivoted about the origin of the intensity curve, may then be extended 

to the nth division, say, so that its length becomes Vt? + (n&9)2 

in the angular units of the graph.    The radius arm may then be rotated 

down to the   €-axia, and the term   I (ye2 • (nA©)2 )    may be read off 

the curve.    These terms may be subtracted, by machine, from the value 

T Ix(£ )» thus obtaining the corrected 1(6 ) according to (29). 
2A© 

With the methods described above of subtracting out the "wings" 

of the rocking curve and of correcting for the slit type geometry, it 

was possible to successfully use the double-crystal spectrometer for 

low-angle diffraction measurements.    A double-crystal spectrometer has 

been developed by Shaw*2**) for use with the long x-ray wavelengths. 

His instrument employs a beryl crystal of 8.06 A spacing, and a 
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specially designed electron multiplier tube for detection. The 

(25) 
reflectivity of the beryl crystal for 8.56 A was measured   , and 

was found to be only three percent* 

Such a reduced intensity would require relatively long slits» 

i.e., a large 80. This, in turn, would demand a slit correction, *u» 

described above, which becomes less accurate as 0o becomes large. 

Therefore, it would seem that the reduction in intensity and/or the 

loss of angular resolution associated with the use of the double- 

crystal spectrometer is too great to justify the gain of the high degree 

of monochromatisation. In fact, since the intensity of the main beam 

In a diffraction unit is reduced just ae rapidly for either a gain of 

angular resolution or of monochromatisation, one would expect an optimism, 

useful intensity when the angular resolution error, -~ , and the 

monochromatisation error, -4^- , are approximately equal. 

2.  Annular Slit Geometry 

A slit system of comparable "light-gathering power" to that of 

the two-slit system described above, but one which permits a counter 

measurement which does not require the above described correction for 

finite slit height is sketched in fig* 7* In this arrangement the two 

slits consist of a pinhole and an annular slit. The pinhole m#y be at 

the source and the sample upon an annular slit as shown in (A), or the 

inverse arrangement may be used as in (B). 

In either case it is evident that the radiation that passes through 

the pinhole at the counter window is characteristic of only one scatter- 

ing angle. The diffraction pattern is to be explored by moving the 

* 
> 
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oounter and its pinhole axially. The intensity gain over comparable 

pinhole geometries is equal to the ratio of the area of the annular slit 

to the area of the pinhole. An inverse-square law correction is 

necessary since the distance of the detector from the source is changed 

for each measurement of I(€ ). However, since the low Intensity at the 

larger angles of scattering is, In this way, Increased by the inverse- 

square effect, this turns out to bo quite favorable. 

Two cameras have been constructed*, one for each arrangement, 

and a photograph is shown of the (B) camera. A simple gas x-ray tube 

was used which utilised a water-cooled transmission-type copper foil 

target. The Cu-L (13*3 A) line was used and the continuous radiation 

was minimi ted by using the forward direction of radiation, and by the 

filter action of the copper foil Itself. In the (A) arrangement, the 

sample was fixed In the (B) arrangement, the sample was mounted on a 

pinhole assembly fixed onto the counter and about 5 cm. from the 

counter window. The counter moved in and out of an evacuated brass 

tube, using an "0" ring seal. 

This method was successfully used to measure the same carbon 

blacks which were used in the double-crystal spectrometer work. The 

simplicity of construction and the high angular resolution which is 

possible with this type of geometry invited further work, but it was 

felt that neither the monochromatisation nor the intensity obtained was 

• K. L. Tudowitch has independently developed this approach, and has 
published his work in J. Opt. Soo. Am. U3* 50 (1953). The work 
described above was done by the writer inl950, but was not 
published* 
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aatisfactory enough. 

3«  Concave Mica Point-Focusing Monochromator 

In order to obtain a high degree of monochromatisation and to 

fom a radially syonetric diffraction pattern which does not require 

any slit correction, and still maintain a workable intensity, a point- 

focusing monochromator would be required. Two methods seemed feasible 

and hare been first described by DuMond'  . The first method consists 

of using two bent crystals in tandem, the first forming a line focus 

which is reduced to a point focus by the second crystal. This instrument 

was designed for Cu (1.5U A) and has been described by Shenfil, Danielson, 

(27,28) 

The second method utilises a single, flexible crystal such as 

mica. A single crystal bent with a radius, R^, will form a line image 

of a point source providing that each is positioned on a circle of 

diameter % which is tangent to the crystal, and providing that the 

angle 6 (Fig* 8) is that Bragg angle for the radiation used. Now If a 

second curvature is Imposed upon the crystal about an axis which passes 

through the source and the two focal points S and I on the circle, hence 

of radius I^* the line image is reduced to a point image* 

This method of achieving a point focus for x-rays is particularly 

appropriate for long wavelengths. One of the very few crystals which 

will permit enough double curvature to be effective is mica, which has 

a "rich" cleavage plane of spacing 9.9 A. This spacing is very nearly 

ideal for the long wavelength region of 10 to 18 A. Because of the 

softness of the crystals, because of its micro -irregularities^  , and 
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Fig.  8     Concave Mica Diffraction Unit 
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becauae of the stressing necessary to crests a double curvature, it 

would not be expected that this type of nonochromator would have a very 

high wavelength resolution.    This, however* as discussed below* is not 

such a serious disadvantage for long wavelengths because of the 

relatively simple structure of these lines*    Ths nonochromator which 

was constructed was designed for the F-K    (18*3 A) line* which is ths 

| only line other than relatively weak satellites In the K series of 

this element.    For this radiation, ths Bragg angle is 67 l/2° so that 

nearly back-reflection is accomplished with the resultant high Intensity. 

Finally* the broadening of the focal spot due to ths micro-irregularities 

of ths crystal is not as serious for long wavelengths because of the 

correspondingly larger angles of scattering. 

The double curvature was obtained by cementing a    .005" thick- 

ness mica sheet onto a forming block of the proper double curvature 

under one atmosphere of air pressure.    A thin layer of polymerising 

cement was used with which a bubble-free* near-contact with the forming 

surface was obtained. 

The forming block was cut from a large* cast aluminum toroid 

1" thick* 2 1/?" vide* and with an inside radius of 10.1*59" = Kg to the 

| center, and with a second radius of curvature of 12.310" * H^« 

A gas x-ray tube was used with a Mg F2 evaporated film on a 

water-cooled aluminum anode as target.    The vacuum system was common 

to both camera and tubs.   A photograph of this diffraction unit is 

shown In Fig. 8. 

Enough 18.3 A wavelength intensity was obtained to light a 

fluorescent screen (Patterson-D) faintly at the focus.    However, short 
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exposure photographs of the focal spot were no smaller than 1.5 am in 

diameter.    This is fire to tan times too large for good diffraction 

geometry.    Several reasons for this broadening are suggested.    The 

forming block was not lapped, and so was probably not very accurate. 

The sdea tended to cleave way froa the surface in snail areas.   And 

finally* the inherent micro-irregularities in the sdea crystal would 

tend to causa a diffraction broadening of the beaa. 

nevertheless, this »ethod seemed to demonstrate greater prood.se 

than the previous two aethods described above for the long wavelength 

region.   The writer intends to work further with the problem of asking 

suitable concave idea surfaces. 

U«   Total-Reflection Paint-Focusing Oeoaetry 

With a crystal or grating •ooochromator, a considerable amount 

of intensity is rejected in order to secure resolving power.    But for 

the long wavelengths of Interest here* such resolving power is not 

necessary.    In fact, the major problem in the aonochroaatiiation of 

these wavelengths is the suppression of the hard continuous radiation. 

This poses a new problem in x-ray diffraction in a wavelength region 

where practically no diffraction work has been done.   This fact seaas 

to invite a search for new aethods. 

The fourth method of obtaining a low-angle diffraction pattern 

with long wavelength* is based upon the total-reflection of an x-ray 

beam to obtain a point focus, and the utilisation of the critical angle 

for reflection to provide an effective "cut-off1' for the hard component 

of the continuous background radiation.    RLgh Intensity point-focusing 

) 



I 

i! 

/I 

i 

-U3- 

ia achieved, and an effective monochromatisation is obtained without 

I rejecting any deaired radiation* In a Banner rexy superior to straight 

filter methods. 

A nearly cylindrical,  totally reflecting mirror is used which 

forms a point focused Image of a point source. (Fig. 9) The airror 

is ground and polished Into an ellipsoidal section from pyrex. A solid 

I angle of radiation is used which is from one hundred to several 

thousand times that of comparable pinhole geometries. 

A combination of methods has been used to suppress almost 

I completely all background radiation. A specially designed gas-filled 

x-ray tube has been developed to give a high Intensity of radiation in 

a direction 180° from that of the electron beam by placing the entrance 

pinhole Inside the cathode focusing cup. Soft continuous radiation in 

this "back" direction should be a minimum. Next, the mirror is 
"l 

constructed so as to present angles of reflection only at the critical 

angle for the desired radiation. In this way, all radiation that is 

harder is effectively cut-off. And finally, the soft component of the 

background that remains is rapidly absorbed by the filter action of an 

appropriately chosen substrate on which the sample is mounted. 

Because this method has never been explored - yet seemed very 

promising, and because very little work has been done with total- 

reflection of x-rays, it was decided to develop this approach in detail. 

This work will be described in the next section. 

I 
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IV.    DESIGN AND CONSTRUCTION OP THE TOTAL-HIFLBCTION UNIT 

1.     Monochromatic Long-Wavelength Sources 

A survey of the long wavelength lines will show that there are 

1 several which are very sharp and are completely dosdnant over the other 
(29) lines In their series* and over their satellite structure, Qwtnnerv " 

has uade a detailed study of the L-seriea lines from Ge-L (10.1*2 A) to 

I Fe-L (17.57 A).    Of these, the Ni-L«lt2 line is outstandingly sharp 

and free of satellite structure.    It is vary strong compared with the 

p1 line, which is only two percent harder.    (Ni-L* j^ 2 • liu53 A and 

I Ni-L^ * 1U.25 A).    The full line-width at the half-maximum point is 

2.2 10-J* A.U. or 1*5 10-3 percent of the wavelength.    It is of interest 

/! 

f 
; 

M 

to coapare these values with corresponding ones for the ordinary wav*- 

lengths. The Px !*»• of Cu is 20 percent as strong as the eu^ line, 

and the difference in wavelength is 10 percent (Cu-KM ^ • 1.5U A, 

Cu-Ko * 1.38 A). The width of the KK1 2 doublet is .26 percent of 

its wavelength. 

Of the long wavelength K series lines, 0-K (23*6 A) is very 

strong compared with any associated background^0'. Its line breadth 

I is somewhat less than 1 A.U., or about four percent of the wavelength. 

The K series lines seem considerably stronger than comparable wave- 

lengths in the L series, but are characteristically broader. 

The Cu-Lp. is of appreciable intensity compared with the 

CU-LKI 2 * and cannot be neglected. However, the combination Cu-L* a 

is a strong and easy radiation to produce, and has been very convenient 

•o use for exploratory work. The effective width of the combinetion 

I 

i 
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I Cu-L ot Q radiation is still lass than three percent of the wavelength. 

| Another radiation, Al-K, has bean used and has certain special 

f advantages* (1) For vary small particles. 20 to 200 A.U. in size, this 

shorter wavelength of 8.32 A.U* would give the more favorable X/R ratio. 

7 j (2) The Al-K radiation la very strong* and the aluminum target is 

durable and easy to cool so that a relatively large amount of power can 

be used in the x-ray tube. (3) The small amount of aluminas that is 

sputtered onto the anode from the aluminun cathode focusing cup cannot. 

of course, "contaminate" the anode. (U) The best filter for aluminum 

radiation is aluminum foil which is easy to obtain and to handle, even 

in very thin leaf form. 

However, this long wavelength radiation has also a particular 

disadvantage in that its K^ (7.97 A) radiation la not of negligible 

intensity, and is five percent harder. Aluminum filtered K-eeriee 

Al radiation would not have sufficient monochromatisation for precise 

low-angle diffraction work. The writer proposes the following method 

for reducing this p^-radiation of Al-K radiation but wishes to point out 

that only preliminary work has been done on this method, to date. 

In Fig. 10-a,the curve showing the variation of 9C with wave- 

length near a critical K-abaorption edge of an alumlnlsed reflector 

is plotted. This was obtained from the equation for 0O, ©c "jif, 

in which 6   is obtained from the quantum-mechanical expression 

derived by Honl*31*.  It is noted that at the critical absorption 

wavelength, there is a very abrupt decrease in the critical angle of 

reflection. This has been observed experimentally (32). since the 

I 
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Al-K«   (7.965 A) and the Al-K.i1>2(8.320 A) lines are    .U percent and 

five percent longer in wavelength than the critical absorption ware- 

length, 7*936 A.U. respectively, it would be expected that there would 

be an appreciable difference in the critical angle of reflection for 

these two lines.    Therefore* by constructing the aluadnised ellipsoidal 

adrror of such diameter as to present effectively only the critical 

angle of reflection for the K«.i  ? ^ne» tne *Bi  ^ne snould D* 

appreciably reduced in intensity since this angle of reflection is not 

favorable for this harder radiation.    See Fig. 10-b.    It would sees 

that this aethod snould yield a very high intensity of Al-K«*lj2 (8*32 A) 

radiation, which would be much more monochromatic than would be 

possible with the filter technique alone. 

Another favorable aspect of long wavelength nonochromatisation 

is that the ratio of the intensity of the characteristic radiation to 

that of the associated continuous background radiation increases very 

rapidly with wavelength*33^.    Also, it has been observed*33* that this 

ratio increases with the voltage.    This latter fact may have been deduced 

fro* the well known observations that the characteristic Intensity 
1 7 increases with (V-VQ)       and the continuous radiation in the region of 

the characteristic radiation increases with (V-V0).    Therefore, for 

high voltages relative to the line excitation voltage, VQ, the ratio 

j of characteristic to continuous radiation Increases approximately with 

7*' . Consequently, sinoe no crystal monochrometor is used, and there is 

therefore no danger of passing second-order radiation, it is possible 

to further eaphasiss the characteristic radiation over the continuous 

radiation by running the x-ray tube at higher than usual voltages, 

I 
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utilising the "cut-off" of the mirror to eliminate the resulting herd 

component of the continuous radiation. In this way, increased 

efficiency of x-ray production, hence higher intensities, may also be 

obtained by virtue of the higher tube voltage. 

For the 0-K (23.6 k)  line, SiOj, AI2O3, and BeO targets were 

used. Thee* were obtained (1) by imbedding a thin quartz disk into 

a water-cooled anode of copper, (2) by "anodislng" the tip of an 
1 

aluminum anode, and (3) by painting an acidulated solution of BeO onto 
1 

the tip of an anode, respectively.    Oxygen targets made by the first 

I two methods were or relatively high efficiency because of the effect of 

secondary production from the £1 and Al atoms.   With these targets, the 

usual leveling-off of the intensity versus voltage curve was not reached 

for the same reason.   The anodised surface was the easiest to cool, 

and, therefore, to maintain. 

In spite of the fact that the oxides used for target material 

were refractory, they would decompose under the high-intensity bombard- 

ment of the electron beam in a   matter of a few hours.    Because of the 

rather effective water-cooling of the anodes, very little deterioration 

of the 11, Hi, and Cu metal targets has been noticed after hundreds of 

hours of use. 

2.      The Pas-Type Tube 

There were several reasons for choosing a gas-filled tube for 

long wavelength diffraction work. (1)    Its simplicity and complete 

demountebility makes it ideal for research purposes.    (2)    For these 

wavelengths, it has been found to be very stable* and permits the 
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focuelng of ac electron beam onto the anode which la vary Intense. 

(3) Thla tuba does not require as high a vacuua aa does the filament 

type tube and therefore it la possible to use it "open" to the evacuated 

camera so aa to avoid the use of thick windows. 

A cross-sectional drawing of the tube la shown in Tig* U. It 

will be noticed that the entrance pinhole la located in the cathode 

focusing cup. Therefore, only the radiation 160° from the electron 

beam direction la used. It is in this direction that the continuous 

radiation will be a minimum. 

The target is indented with a cone-shaped hole at the electron 

beam focus. In this way, the atoms which can be "seen" by the mirror 

through the pinhole give off radiation not only by direct bombardment 

under the electron beam* but also by secondary radiation excited by the 

fluorescent absorption of harder components of the general radiation in 

the neighboring region of the hole. In extreme cases where even more 

radical suppression of the continuous radiation might be required, it 

might be relatively simple to use a similar geometry so that only this 

indirectly excited secondary component of the line radiation would 

enter the camera. 

Because of its very low sputtering rate, pure aluminum is used 

for the focusing cathode cup. Thla screws into place, holding in 

contact with the cathode support - a thin 1/8" diameter aluminum disk, 

in which is drilled an .008" "pinhole". 

It was found that by eneloalng the exposed oathode-supporting 

structure with a pyrex jacket, the tube operated more "quietly", and 

vary little sputtered material would reach the outer glass walls. 

' em**-.** ->...»    -'^f 1^rr»aWW~»TTn^reTMrfnOinm]iim;i Tiffimr at 'IT   TI       - - - iii—   "'" ' 
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The operating Halt of power for the tub* has not been 

determined. A typical operating condition is UO to 50 aa at 5*000 

Tolta. The stability has been such that after about a two-hour period 

for stabilisation, the tube aay be left for a period of days without 

attention. 

3.  The Total Reflection of I-Rays - General 
i 
i 

I ! A survey of the literature on total reflection of x-rays was 

madei and a bibliograph/ is given in the references (3U to 55)*    One 

is impressed with the fact that relatively little work has been done on 

{ this subject, particularly since 1932. 

Below is a oiaamry of the results of the work which has been done* 

as described in these references, with respect to the reflection of long 

wavelengths. 

(1) Al-K (8.32 A), Cu-L (13.3 A), and 0-K (UU.5 A) have been 

studied for total-reflection froa glass, quarts* steel* silver* and 

gold.    The reflected intensity versus angle of reflection is given for 

the region of angles near the critical angle. 

(2) The experimental values •ensured for the critical angles 

agree only roughly with the theories of total-reflection vis.* the 

Drude-Lorents* the Kramers-Kshlnsn-Hsrk, and the H&nl theories.   For 

wavelengths which are not close to an absorption edge of   the reflector, 

the simple Drude-Lorents expression for the critical angle is as good 

as any.    This is 

ec - VT. - (-^4)V*X« 2.32 x io-3 {£1 )Va x (30) 
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(3)    The shape of the "cut-off" In the curve of reflected 

intensity vs angle of reflection is only roughly predicted by the 

Fresnel theory**6). 

(U)    Mohr'^ ' has given some approximate values for the reflec- 

tion efficiencies for various surfaces for 8.3 A and 13• 3 A radiations. 

He found 25-30 percent reflection for glass, 15 percent for steel, 
- 

and five percent for gold reflectors.    Recalling the densities of 

I these reflectors, 2.7, 7*7, and 18.9 respectively, we note that the 

efficiency of reflection is approximately proportional to the recipro- 

cal of the reflector density. 

(5)    Qirenberg^        has measured the broadening of a line image 

I 
by total-reflection from a curved mirror. He attributes the effect to 

diffraction from Fourier components of an Inherent structure of the 

reflecting surface. 

1*.  A Method for the Measurement of the Critical Angle of Total 

Reflection 

Because of the need for more information on critical angles of 

total-reflection than is available, it was felt that it would be 

advisable to devise some method for measuring these. A very simple 

apparatus was developed which permits a precise measurement of 0C, and 

it fits easily into the diffraction camera so that no elaborate 

arrangement was necessary. A sketch of the geometry for this measure- 

ment is shown in Fig. 12. Filtered radiation from the pinhole in the 

cathode of the x-ray tube finds a uniform distribution of planes at 

< 
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varioua angles to the incident bean on a cylindrical reflector frcei 

which It ia "totally reflected" in acoord with specular law over tho 

parwdaaibla rang* of grating angles up to tha critical Uniting angle 

and passes thence onto a photographic fil*. Fro* the goo—try, it ia 

readily seen that 

0 - 6 * C --j-(l-coaw) 

Therefore, for the small angles involved 

c a 0 . o » -g~ e2 ,   and so  0*9 

Mow if we define Ig as the flux per unit solid angle from the plnhole 

source* and Kg as the flux per unit area at the fila, we obtain for 

that flux which is Included in the range    c    to    fe+ de    and in tho 

corresponding range (© + 0) to (e • 0) • (dD • d 0) 

dF * I0       2'  • « IQ (~i w)(«) (d e • d 0)    *hare w - width pattern. 

Solving for % we obtain 

d£ re 
-   I 

Io r4 
0   9-ic+-n    "  *o ^       aa(»+l)   d6 °   2al(«+l) *•   2nl(a>«-l) 

So finally, the flux per unit area at the filn multiplied by tha 

reflection efficiency function for the reflector, R(0), gives us tho 

Measured distribution along the fila 

**(*) - lo(0) R (0) 
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Hence the reflection efficiency • 

R(0) = >*1*±±1    h^l (31) i 
r Io     9 ) 

In practice, it may not be possible to measure precisely the 

distance 1* For this reason a second film may be exposed simultaneously | 

I to one-half of the reflected beam at position B. Since the distance 

between films may bo measured very accurately, the critical angle may 

be obtained from the relation I 

I , I 
6C » (a-b)/c (32) 

I 
The usual method for measuring 6Q is to intercept a slit- 

collimated beam of x-rays by a plane mirror which is rotated through 

a series of angles. At each of these an exposure of constant time 

duration is made on a film* There are several significant advantages 

of the method used here* (1) A simultaneous curve of reflected 

intensity is obtained for all angles, with a high resolution, and there 

is no dependence upon possible fluctuations of the x-ray source during 

an exposure. (2) The geometrical effect of obtaining an experimentally 

measured distribution given by the reflection efficiency function 

multiplied by the angle of reflection is favorable because it extends 

the cut-off region so that it fits more conveniently into a measurable 

range of photographic densities. (3) Using two film positions not 

only permits a more accurate measurment of 8C, but yields two complete 

photographic density scales with corresponding points at a known ratio 

of Intensities, (m/m- c)2. This permits an "internal" calibration of 
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the fllji with each meaaurettsnt. In fact, this BUN artifice has 

proven very useful for the calibration of the low-angle diffraction 

films. 

Three reflection photographs taken by the method described 

above are shewn In Fig. 13, and are as follows t (a) Aluminum filtered 

Al-K series radiation reflected off glass, (b) Aluminum filtered Al-K 

series reflected off of an alumlnited surface, (c) Aluminum filtered 

Al-K series reflected off an evaporated nickel film on glass, (d) 

Aluminum filtered 0-K  line reflected off of glass. 

(a) and (b) are taken simultaneously from a glass surface half 

of which was aluadnised to an opaque coat. It is noticed that the 

calculated ©c from the Drude-Lorents equation for 6 given in (30) is 

in good agreement with this measurement. Since the densities of the 

two reflectors, glass and aluminum are the same, any effect due to the 

critical absorption edge for the aluminum reflector should be indicated 

by a smaller critical angle of reflection. As is noted here, the strong 

K* (8.32 A) component of the radiation is far enough away from this 

edge so that very little difference in the critical angle obtains* 

Again, the Drude-Lorents expression yields a 0C for Al-K on 

a nickel surface (c) which is in good agreement with experiment. 

This is certainly not the case for the 0-K reflection off of 

glass (essentially Si 02). Since the 0-K (23.57 A) is so close to the 

critical absorption edge oxygen of 23*5 A.U., a very abrupt decrease in 

0O results. 

These results are preliminary, but they do Indicate several points 

of interest here. (1) The method described above is effective in the 
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MEASUREMENT  OF 9C 

RADIATION       A.U.      REFLECTOR 
A 832 GLASS 
B 8 32        ALUMINUM 
C 6.32        NICKEL 
D 236 GLASS 

Fig.   1 3   Positions for 9c as calculated from the approximate 
Drude-Lorentz expression are indicated by the arrows. 
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measurement ol critical angles of r•flection for soft x-rays. (2) 

The very large change in the 90 for the 0-K line does lead one to 

expect the same for the Al-Kg line, thus providing effective mono- 

chromatisation of the Al-K radiation by the total reflection »cut-off" 

technique which was described above. (3) The sharp cut-off in the 

reflection curve exhibited in these photographs establishes the fact 

that very little continuous radiation background is able to leave the 

x-ray tube by virtue of the 180° direction of the x-ray baas with 

respect to the electron beam direction, as discussed above* It should 

be noted that the intensities and therefore the blackening of the 

photographic film is to be divided by the angle of reflection in order 

to obtain the true reflection curve. Thus the- actual cut-off of the 

reflection curve is considerably sharper than the cut-off which is 

indicated by these photographs. 

5> Mirror Geometry 

Ideally, the mirror should be a section of an ellipsoid of 

revolution with the point source of x-radiation and the point image at 

the respective foci. Certain geometrical properties which will be 

useful, snd which are vary easily derived are listed here (using the 

notation of Fig. lU). The radius of the circular arc that best 

approximates the ellipse at the center is given by 

R = a2/b (33) 

The angle of incidence, 0, of the ray reflected by the mirror at 
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dlstanoe z from the center la given by 

v - (b/a) (1 • -|-(x/a)2 • • • •) (31*) 

The ancle 0 which this incident raj makes with tha axLa aa it laavee 

tha aourca pinhola ia given by 

0 - (b/a) (l - (x/a) • • .) (35) 

Tha aolid angle praaantad to tha aourca by tha adrror ia given by 

AA-UlT(b/a)2 (x/») (36) 

6.  Coapariaon to Pinhola Qoometry 

The gain In intensity over tha pinhola geometry ia the ratio of 

tha aolid angle presented to the source pinhole by the mirror to that 

subtended by the focal spot at a point distant 2 a away. 

Lu2 J 

in which L ia the length of the adrror. Using valu* for the geometry 

I currently used* (b/a) * .03l*» a«56on.,L»10om, and tha radius of 

the focal spot r • .2 mm, we obtain a value for the gain of intensity, 

R " $750« ^ut this must be multiplied by the 30 percent reflection 

j. efficiency for glass so that the net gain ia the factor 1730. 

7.  Aberration •puatlons for tha approximated KLlipsoidal Mirror 

In order to learn how good the circular arc approximation ia, 
* 

« 

1 
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\ and to detcrndne the effect of a deviation from the calculated radius 

of   curvaturs upon the image site, an aberration equation la derived* 

I In Fig. 15, we here let   R = RQ • AR, where Ro * a2A, from (33) 

la the proper radiua.   We then find that the radiue of the circle of 

I oonfualon ia 

in which the first tens arises from not having the proper radius for the 

adrror and the second ia that of spherical aberration.    Using the saae 

values as given above* with x»5 caw, we obtain the aiss of these two 

errors. 

f m .31* 6 Ryfe • (1.75 10"3) om. 

It is evident that the spherical aberration will be small compared to 

that due to a practical deviation in R. In oruer to limit the broaden- 

ing of the focal spot to .1 am*. AR/R must be less than three percent 

8. error Due to the Finite Also of the Sample 

The sample is mounted upon a thin film of metal foil or plastic 

which is stretched across an annular slit through which the beam passes* 

It may be readily shown that for the usual "small" angle scattering 

there is negligible error due to a finite sample sise even though the 

film is flat* Howeveri particularly for the long wavelengths, "medium" 

angle scattering might often be of interest, and the equations 

developed in the theory seotion, Part II, apply to this region as well. 
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In order, then, to focus the entire ciUffraction pattern without error 

due to the large dimensions of the sample* the film mist be pressed 

onto a cylindrical (or spherical) form of radius equal to one-half of 

the distance from the sample to the film.    From Fig. 16, it is a< 

that 

cos € • (a2 • b2-- c2)/2ab 

where 

I a^r^d2 

b2*r2*x2«-y2-2ryeoa9 

We shall now differentiate cos < with respect to 6, which derivative 

we shall equate to aero in order to determine the conditions under 

which fe is least sensitive to 9* We note that b, only* depends upon 

9, and letting b» «= db/d8, we obtain 

(b2 • o2 - a2) « 0 

si see b' is not necessarily 0; then by substituting the values above 

Into this equation we obtain 

jr • y^ - dx = ry cos 0 

Sines the average value of the relatively —13 term, ry cos 9, la sero, 

we substitute this value into the above equation to obtain the condition 

for minimum error due to finite sample else 

i2 + y2 - dz • 0 

But this is the circle with a center ttz" d/2. 
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Now substituting this condition back into the aquation for cos e » 

we obtain 

(x2 • y2 • r2) - py cos 9 
cos C B 

• ((^t-^+r2) - 2 ry coa 6 )^2 

Now let bQ » at? + y
2 + r2, and 0 =* ry cos 9/b0 » then this aay be 

written as 

b0 1-0 
008 €* T (1727)1/2 

Expanding in powers of 0 we obtain 

bfl . 
cos t »   -y- (1 •  | r • • • ) 

In order to determine the wad— variation in e with 9* w« determine 

the change in cos c between the values for 9 = 0 and 6 * 90°. 

*<—•>--!(££-)--— «A» 

Consequently 

Afc     m 1 r2    / 7 f ^     AC 
sine 2 ,dn2€      ""*   V15*/   ~   "T" 

Now letting y/b0 • sin € , and r/bQ = sin eCl we obtain finally for the 

relative error* A£ due to finite sample sise. 

2 
rc s C -^1 = i sin2 9„ a 9d (39) 
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And for the «trror of Oe » .03U ~ • .06 percent. Therefore, with a 

curved film, there 1B no appreciable error due to finite aample alee 

even though the angles of scattering may be relatively large. 

9*  Choice of Mirror Material 

There are two strong reasons why glass seems to be the most 

appropriate material with which to construct total-reflection mirrors. 

First, the relatively short x-ray wavelengths compared with the wave- 

lengths of light places an even higher requirement on the smoothness of 

the surface. And second, the need for a very precise circular arc In 

the mirror cross section invites the proven, accurate methods of random 

optical lapping techniques, which are most highly developed for glass. 

An apparent objection to using glass is that a choice of stainless 

steel, for example, because of its higher density, would allow a larger 

diameter mirror for a given wavelength, and therefore considerably 
f 
(higher intensities than that obtained from the corresponding glass 

mirror. A glass mirror, in fact, could be given an evaporated or 

sputterred film of some dense metal, as gold, thus permitting larger 

mirrors.  It was found, however, that gold-evaporated films age badly 

in that after a few weeks the film deteriorates into a grainy surface 

which gives a large background diffraction pattern of its own. 

Nevertheless, as was deduced above from Kohr's work***', the 

I reflection efficiency for total-reflection varies inversely with the 

density of the reflector. And from (36) we note that the solid angle 

presented by the mirror is proportional to (a/b)2 a ®c , and since the 

1 

\ 
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erltioal angle squared la proportional to the unit decrement of too 

lndaz of refraction* 6 * and thus ia proportional to tha density, we 

eoncluda that thara ia no fain of intensity by using nora danaa 

mirrors. For alrrors out at the critical diameters* tha lntanaity is 

Independent of the Material of the mirror. 

In fact* by using the smaller mirror, say of glass* tha sample 

sise is reduced* and also the aberrations are reduced. 

10.  Optimum Mirror and Camera Dimensions 

By combining the aberration equation (36) with that for the 

solid angle Included by the mirror (36) ve obtain the relation for the 

angular width of the circle of confusion 

a     2T V «c / R 

Now since 9Q Is proportional to the wavelength* and since the angle 

of scattering ia also proportional to the wavelength* the angular 

resolution may be written as 

This expression is not exact, of course} nevertheless it 

indicates that for a given precision of mirror construction, and for 

a given solid angle presented to the source by the mirror, the angular 

resolution improves with the square of the wavelength, and la 

Independent of the sise of the camera. The method is thus most 
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I suitable for long wavelengths. 

Besides the requirement for a large solid angle and for a 

high angular resolution, there remains the equally Important require- 

ment for a high lntensitj-to-background ratio. All diffraction 

methods have a background of stray radiation either due to diffraction 

or scattering off of slits, from general radiation off of crystals, 

from the radiation in the "wings" of a crystal rocking-curve, or, la 

this instance of total-reflection focusing, from diffraction off the 

edges of the mirror and from irregularities of the mirror surface. 

• In order to reduce such effects, it is necessary to introduce a stop 

* between the mirror and the sample which does not touch the main beam, 

but which cuts off a large component of the stray radiation. The 

effectiveness of such a stop is increased by having a large distance 

between the mirror and the stop position. For this reason, therefore, 

it was felt advisable to use a relatively long geometry, with at 

least 50 cm. between the mirror and the film. 

In order to accomodate the desired radiations, Cu-L (13*3 A), 

Ni-L (1U.5 A), and 0-K (23*6 A), we choose the smallest 0Q (for Cu) 

which is .0375 radians. So as to include part of the Hail" of the 

cut-off region thereby allowing the reflection of the small fraction 

of the line radiation which would be otherwise "cut-off", a value of 

•03U radians was chosen. By constructing the mirror from a blank of 

Dow Coming's Precision-Bore Pyrex tubing of 1.500" diameter, the 

distance between the point source and the point image is of the 

desired magnitude, 110 cm. 



t 

tl 

-70- 

11.  Orlndlng the Mirror - The Problem 

The problem was to grind the Inside surface of a straight 

glass cylinder 1.5* disaster, and U*$" long, Into a surface of resolu- 

tion of an are radius of approximately thirty-four feet. This radius 

must be accurate to within a tolerance of two percent* The "barrel" 

shape is about .0038" deeper in the center than at the edges. A 

circular arc would deflate from the ideal elliptical arc at the edges 

by about one ten-thousandths of an Inch. Since the spherical 

aberration Introduced by this deviation was shown to be negligible for 

the geometry used, an atteapt to obtain an elliptical arc rather than 

a circular arc would be unwarranted. 

The writer could find no previous literature on methods for 

constructing such a mirror, and the optical workers of this area 

differed widely as to suggested methods of approach. Nevertheless, 

the first method that was tried resulted In a successful mirror. 

The approach was twofold* (1) A lap was designed which would 

permit an optimum use of the natural tendency for a "short" lap to 

generate an accurate circular arc undar a long-time random process* 

(2) A method was devised for measuring the arc to better than one 

ten-thousandths of an inch which could be applied to a ground surface 

as well as a polished one. 

12*  The Ug Design 

A photo of the lap which was used is shown in Fig. 17* It 

consists of a rectangular piece of cast iron which "rides" In and out 

of the cylinder along two edges of contact. The lap is pivoted freely 
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Fig.   17    Lapping Fixture 
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about an axis as indicated, and is spring-loadad against tha mirror 

surface. Tha lap is aoved bade and forth by hand while tha mirror is 

turned by actor ona revolution per second. About one and one-half lap 

strokes for each revolution of the adrror was typical. The spring 

loading was adjusted so as to provide enough tension to prevent 

"chatter") and to insure saooth travel* 

Since the lap is about one-half the length of the adrror* aore 

grinding action occurs in the center region) and the mirror becomes 

barrel-shaped* The oast-iron wears away about as rapidly as does the 

glass in grinding when equal areas are in contact. Consequently) the 

lap edges conform rapidly to the curvature of the surface because of 

the relatively aaall area of contact presented by these edges. For this 

reason) the lap tends to generate a uniform curvature) i.e., a circular 

arc) along the lines of contact. 

By letting x =* c, the half-width of the lap, in the equation of 

the desired surface of revolution 

we obtain an elliptical curve 

£. •* 

which is accurately approximated with the geometry used here by a 

circular arc of radius from (33) 

>2 I.      ,„.2 ^2 -?(»-«)•) 

I 

) 

l 
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80 it la evident that the arc ganaratad bj- tha lap along tha 

linaa of contact produoe another circular arc in tha principal plan* 

of radius which ia longer by tha factor l/y 1 - (c/b)2. Also, any 

irragularitiaa in the lap-arc are damagnifled by the seme factor. 

Another advantage of this lap design is that by virtue of using 

two linaa of contact* it more or leas guides itself• 

13.  Measurement of the Mirror Contour 

By carrying out the grinding method outlined above over a 

relatively long period of time, as required with the fine emery used* 

approach the desired curvature quite slowly. A frequent 

of the contour during this process would permit precise 

control over the grinding, allowing adjustment of tha stroke used in 

the lapping if necessary, with tha aid of such a measurement* the 

grinding may be stopped when the exact curvature desired is obtained. 

Subsequent polishing would not change this curvature to any appreciable 

extent. 

To provide such a measurement of the inside diameter of a 

ground cylindrical surface to within a precision of better than one 

ten-thousandths of an inch* an air gauge was designed* An aceurately- 

| round ball bearing* a few thousandths of an inch smaller in diameter 

I than tha mirror is suspended inside the cylinder. A constant flow of 

air is passed through* and the pressure drop across the ball is measured 

i with a manometer. As the ball ia lowered into the cylinder the pressure 

difference becomes less aa the contour of the mirror deepens* since 

1 more area and lees resistance is presented to the air stream flowing 

I 
1 
< 
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through the clearance boteeen the tube and the sphere. 

A •oh—tlo end a photograph of the air gauge ara ahoam In 

Tig* IB.   At tha oompreoeed air outlet a preaawra ragalator ia 

Inserted into tha line* followed by a long papillary to tha ganga 

ltaalf.   Thia arrangement praaanta a steady, "eenetant-eurrent" 

of air*   Tha air Una ia oonneoted to the airror cylinder through 

another cylinder-bell path of praotioally the aano diaanaiona.   The 

aaall preeeere drop developed aeroaa eaoh annular orifice ia measursd 

by an Inclined water nanometer.   The orifice of the flret cylinder- 

bell path ia held constant* while that in the second will vary aa the 

bell ia lowered into the ground cylinder.   The repseotive 

Measured are P0 and P. 

The values for the air-flow velocities used in thia 

yield Reynolds numbers which indicate that the aess of air that 

through the sys tea par unit time would not depend very auch upon the 

effects of viscous forces* and certainly not upon the effects of the 

compressibility of the gaa since the velocities involved are negligibly 

aaall compared with the pressure wave velocities.   1H mansions! analysis 

allows us to write Immediately a relation for the mass flow par unit 

time* Q» widen paasea through the first cylinder 

-o*r •   •V»ttt   '   A. / (hi) 

in which AQ is the orifice area* c  is the density of the air* u.  ia 

the dynamic viscosity coefficient* to ia some significant linear 

dimension* which in this problea* would be the difference In radii 

1 
I 
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of the ball and the cylinder, and f is chosen to be the viscosity - 

dependant factor. Since we would not expect a very appreciable effect 

due to viscous forces» it follows that the function fQ would be a very 

slowly varying function for the range of Q used. Now we say write a 

nearly identical equation for the Q that passes through the second ground 

cylinder. Equating these relations* because the sane Q passes through 

both cylinders> we obtain 

<B>   ^*.(^'|)-^<(£'-£) 
and since the orifice area is almost exactly equal to the circumference 

of the ball tines the clearance t» we nay write 

«> ..^j^iik^ 
i 

I 

I. 

< 

HQ and D are ball dianetera. The functions fQ and f are identical 

because of the similarity of the two orifices. Since the arguments 

of these functions are of the sane order of Magnitude and since they 

are slowly varying functions as discussed above* their ratio should 

approach unity. Consequently* 

t « 
D/f P HW4 • 

which pernits the Measurement of the contour of the mirror* 

By means of this method* based on relative pressures measured 

across exactly similar orifices* one notes that the dependence on air 

density drops out. Also* since the thermal expansion coefficients of 

the glass and the steel bearings are nearly the same* there is no 
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saasurable change in t du« to differential expansions caused by 

ordinary temperature variations. So it ia seen that the method is very 

insensitiTe to temperature Tariations, a factor which is, of course* all- 

important in precision measurements of extremely small distances* 

Moving the bearing about at any particular position within the 

mirror cylinder does not appreciably change the pressure reading* but 

in order to present a constant got—trj of orifice to the air flow, the 

bearings in both cylinders were placed in contact with the side of the 

cylinder. 

In order to verify the derived relationship (U3)» and to 

calibrate the gauge* the following method was used. All measurements 

of a particular contour were made with two ball-bearings of approximately 

•003" difference in disaster. The measured values of the Inverse square 

root of the pressure drop* p* were plotted against the axial position 

of the ball along the Mirror for each of the ball-bearings. The 

relationship for t, (1*3)* is verified by the fact that these curves are 

always identical and are displaced by a constant amount* which corre- 

sponds to the difference in their radii. In this manner also* a 

calibration of the contour curves is obtained* based on a known 

}  . difference in the ball radii. 

, It was desired* therefore* to know this difference in radii to with- 

in .00001" if possible. Ve are very such indebted to D.0. Hendrix* who 

aside this measurement with the arrangement shown in Flg.19.Two stacks of 
I 

steel gauge blocks were rsed* one slightly higher and tt» other slightly laser then 

• Kt. Wilson and Palcoar Observatory 
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the dlemator of the bearing to bo measured. These stacks were placed 

I upon an optical flat, and another optical flat was pieced across the 

top of the gage blocks* Interference fringes ware observed under this 

flat, between it end the top of the gauge blocks. Vow the ball was 

f ! moved from the taller stack toward the shorter until contact was made. 

Contact was indicated by a resulting shift in the Interference fringes. 

Knowing the distances, a and b, and the difference in the gauge block 

w \ heights, it is a simple calculation to determine the bearing diameter. 

These bearings were chosen at random fron a stock of ordinary 

commercial ball-bearings. They were spherical to within .00001". 

The disasters of the two bearings used in this work were Measured in 

this way to be l.li°99U" and 1*50268", with a difference in their radii 

of .0011.7". This last number, then, is the distance corresponding 

to the displacement of the curves taken of the sane contour with these 

' two bearings. 

Approximately one hour was required to measure a given sdrror 

contour in this way. These aeasursasnts were found very convenient 

in the initial stages of the grinding in that they showed the rate of 

ehangs of the contour with tiao of grinding, and p emit ted one to 

adjust the type of lap stroke to use in order to obtain the desired 

shape of the oontour. Ths first and the last aeasureaont which were 

eade on the mirror are shown in Figs. 20 and 21. It was found that the 

oontour measured for a finely ground surface and that for the subse- 

quently polished surface wars identical. The fact that this gauge 

works equally well tor ground surfaces is of oourss a great advantage over 

optical testing methods. 
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li*.  The Policing of the Mirror 

The polishing lap was oonatruotad from the same lap used 

in grinding by facing ita already eontourad adgaa with atripa of rad 

dental wax. Somewhat leas spring tension was used between the wax lap 

and the sdrror. Cerium oxide and red rouge were uaed in a water 

suspension as the polishing agent and lubricant. The lap waa moved 

back and forth by an eccentric on en electric motor, so that there 

were about three strokes of the lap for each revolution of the adrror. 

The eccentric actor waa non-synchronous and ao its speed waa not 

constant, therefore there waa no possibility for any periodic effect 

being introduced* 

after fifty hours of polishing, there was no appreciable change 

of the radius of curvature, and the surface appeared smooth under 

microscopic examination. As discussed below, another fifty-five hours 

of polishing were applied to the adrror in order to determine if any 

appreciable difference could be found in the character of its x-ray 

point-image. There wss no measurable change, thus it was felt that 

further polishing would not be necessary. 

15.  Testing the Mirror 

After the first fifty hours of polishing the surface appeared 

free of pita unAsr the microscope. It waa then set up on the optical 

bench with a suitable source-image point geometry as indicated by the 

air-gauge measurements. A Cenco point source waa uaed. A very sharp 

image of the source waa immediately obtained, and the position as 

predicted by the air-gauge measurements seemed to bo optimum. The 
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depth of focus for such a small aperture system la so grout, that this 

optical aethod for tooting the geometry of the airror la relatively 

insensitive. 

The airror waa than mounted In the x-ray diffraction oaaara. 

The type of mounting used, and the msohanlan for its adjustment are 

ahoaii In Pig. 22. 

Photographs of the point image of a .010* plnhole source were 

taken for several different exposure times. For the abort exposure 

image, Tory little broadening is indicated. However, prolonged 

exposures showed considerable broadening. This broadening is greater 

than that which could bo accounted for by halation effects. 

It was soon discovered that ttda stray radiation waa not censed 

by a diffuse scattering) the radiation does not leave a point of the 

airror and spread out in a uniform distribution of anglei within a 

cone of radiation as might be expected, for example, from irregularltiee 

in the surface of the mirror* Instead, this stray radiation casts a 

sharp shadow of tha spiders which support the central stop behind the 

mirror position indicating that the unfocused ray leaves tha airror and 

remains In a plane that Includes tha central axis of the optical system. 

Photographs which illustrate this transverse scattering effect are shown 

in Pig. 23* 

The first stop which waa taken in the attempt to discover tha 

cause for the stray radiation waa to polish the mirror for another 

fifty-five hours. However, after identical tests ware Bade as 

described above* there was found no decrease in tha amount of stray 

radiation. 
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Next, the nlrror was placed back on tha optical bench and a 

photograph was taken of tha airror itself with the camera placed alone 

the axis of the airror at a position beyond the focal spot. In the 

first picture that was taken, only light which passed through a .5 am. 

pinhole placed at the focal spot waa used to sake the photograph. This 

picture showed" an even illumination of the airror surface, damoaatrating 

that all parts of the surface were contributing to the focal spot, and 

that the curvature of the airror was uniform and correct. Then a 

photograph was taken of the airror from the' same position with the pin- 

hole still in the laage plane, but displaced 2 an. below the focal spot 

so that only stray radiation reaching this poiat would font tha photo- 

graphic image. This tine only the vary top and bottom portions of the 

front and back edges of the airror were "lighted up". It seemed certain 

that this stray light radiation was due to Fresnal diffraction froa 

the edges of the airror. 

In order to prove that FTesnel diffraction fron the edges of 

the mirror accounts for the stray z-radiation, a pinhole photograph 

•ight be taken of the mirror with the pinhole placed again at tha image 

plane and just out of the region of the focal spot. However, because 

this stray radiation is 90 weak relative to the main focal spot intensity) 

no such photographs have been obtained as yet, even with a 200 hour 

exposure 

Burenberg'5 ' has observed a similar effect in the broadening 

under prolonged exposure times of a Una image formed by a curved glass 

reflector. H» has found evidence also for the diffraction off the 

edges of the mirror. However, he believes that another contributing 

» 
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BROADENING   OF FOCAL   SPOT 

Fig.  23   Actual sise of center-hole in film ia . 040 inch 
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oauee for the broadening is da* to a diffraction fron "ripples" In 

tii* surface of th* ptlished glass. H* calculates that these haa* 

heights above th* average surface level of about 10 A.uVls gives no 

explanation for tba existence of such aarfaea structure. 

Th* writer hop** to do a graat daal wore work on this problen 

baoansa it aaans to hold th* ansvar to the question of th* practical 

resolution Unit of th* total-reflection n*thod which is of lntarast 

In this application* and of course, also in th* flald of x-ray adero- 

soopy. As was dlseoaaad above* all type* of T^-tntl* diffraction 

aalta exhibit this kind of background radiation to a greater or l*sa*r 

aztant. Whether or not tha concave nioa asthod, for axanple* will 

allow higher resolution dapands upon whathar ita focal spot broadaning 

offact is as graat as that of tha total-raflaetion nathod. In any 

event* the as* of long eaaar* geoaetry, and of stop* plaoad just in 

front of the eaaple* will nlniniae tha affaot of th* background, 

Uniting this to the region near the focal spot. For long wavelangtha, 

the data of interest la rarely obtained from this region. 

16.  Long wavelength Photography 

Because th* Intensity of a low-angle diffraction pattern is 

characteristically low* photographic detection seaas to be nost 

appropriate. Counter techniques danand high stability of tha x-ray 

source* and often* for the long periods required to obtain good 

statistics in counting* such stability cannot be obtained. This is 

particularly true for the gas-type tube. 

Another advantage of tha photographic Bathed nay wall lie in 
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th* possible use of an especially designed nicrophotcweter, which, 

In effect, utilises a circular window slit of variable diameter. In 

thia way, all of the radially ajumwtrlc pattern contributes to the 

measured data. The effect of film grain would thus be rainimiaed, and 

lover densities could be used. Such a microphotometer has not been 

constructed as yet. However, a possible design la indicated in Fig* 2l»* 

A very thin cone-shaped bean is formed by the reflection from 

a narrow ring shaped mirror, of the light from a point source, as 

shown. In this way, the light is focused into a small pinhole window 

of a photo-tube. The low-angle diffraction photograph is centered on 

the axis of the ring mirror and mounted perpendicular to it. As it is 

translated toward the photo-tube, the thin circle of light through 

the film changes in radius, but its total flux is constant. The photo- 

tube reading measures the transmission of the film for a given radius 

from the center of the pattern. This transmission is decreased by 

both the absorption and the scattering due to the exposed grains, thus 

affording a maximum sensitivity to exposure. Since all light rays strike 

the film always at the same angle throughout a complete measurement of 

the film, the loss due to reflection off the film ia a constant, and 

therefore does not affect the measurement. The carriage which 

translates the film may also hold the paper on which the recording 

galvanometer pen writes. In this way there is a direct linkage without 

the possibilities of such error as introduced by screw systems. 

For ordinary x-rays, the measurement of relative Intensities 

is made easy because of the atriot proportionality between the intensity 

and the film density (iog10 Vtransmission). This relationship holds 
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up to densities as high *a    .6.    Hantfi it hM been found that for 

Cu L (13*3 A) for example, the intensity versus density curve is 

linear only up through a density value of   *3*    For higher densities 
I 

tho logarithm of tha Intensity ia proportional to the density. Thia 
I 

raeult was obtalnad from Eastman Nadioal X-ray film, hut it probably 

holda alao for   approximately the same density regiona for other films 

of thia type. 

Tha sensitivity of photographic films for the long wavelengths 

ia alao considerably leaa than that for ordinary x-rays, euch aa 

Cu (1«5U A)* Thia ia due to the absorption In the surface layers of 

the gelatine which prevents a large ooaponant of the bean fron reaching 

the sensitised emulsion. 
i 

Relative aenaitiTitiaa of several types of film were deteralned 

by exposing simultaneously seall saetions of each to a broad bean of 

copper-foil-filtered Cu-L (13*3 A) radiation. These were developed for 

five minutes In Eastman's 0-19 developer of noraal strength. Listing 

the film in order of their danaitiea for the same exposure tine* giving 

that of highest density firatt 

Ilford, Industrial Type 0 

Kodak Medical X-ray 

IXJPont, Hi Speed Pan (with no over-ooatlng) 

Kodak, Short Wave Beeponaa 

A sketch of the film mount ia shown in Pig. 2$.   Tha circular 

film and an accurately oentered hole, .0I4D inches In diameter, are 

cut In a alngle operation with an especially constructed film punch. 
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The film holder looks Into a section, as is Indicated, which can 

be mo-sad perpendicular to the axis of the camera by aeans of set-screws 

from outside the vacuum. With this adjustment it is then possible to 

pass the direct beaa through the center of the fila hole. 

17*  The Photo-Tube Monitor 

The direct Lean, after passing through the central hole in the 

I fil*t then strikes seas fluorescent material located in a thin fila 

in the center of a glass window as shown in Fig. 2$. A large solid 

angle of the light radiation froa this material is utilised by placing 

I a concave mirror Immediately behind the window. This aeans of measur- 

ing the intensity of the direct beaa permits (1) an adjustment of the 

i ; focal spot on the anode for optiaua intensityj (2) the absorption 

within the saaple and the proper sample thickness can be determined 

froa the direct beam intensities with and without the saaple in place; 

(3) an accurate determination of exposure can be made directly, rather 

than determined indirectly from the tube voltage and the tube current. 

18.  The associated Bqudpaent 

A photograph of the associated equipment along with the total 

reflection diffraction unit is shown in Pig. 26. In the foreground 

are the regulated power supply for the 931-A photo-tubs monitor, a 

vacuum tube voltmeter for reading photo-tube output, a kilovolt aster, 

end a mil Hamster for the x-ray tube power supply. 

This high voltage supply is a voltage doubler designed to 

operate at voltages up to 15,000 volts at about \fiO watts. A Variao 
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ie used on the input of the high voltage transformer to vary the tab* 

voltage* A 10,000 oka resistance is inserted in aariaa with the 

anode to provide the desired regulation. 

The vacuum system consists of a D.P.I, oil diffusion pump backed 

by a Welch mechanlosl pump. In order to permit the rough-pumping out 

of the camera through tha diffusion pump, silicons oil is used thereby 

eliminating the need for an elaborate reiving system. With this 

arrangement a sample reloading ojcle of about twenty minutes is 

possible. 

about fifteen feet of one-quarter inch rubber hose has been 

found sufficient insulation In the cooling water lines between the 

anode and ground potential. The x-rsy tube cooling system and that 

of the diffusion pump are in series* 
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V. THE APPLICATION OP THE TOTAL REFLECTION DIFFRACTION UNIT 

I.  A Heasuremgat of the Monochromaticity of the Focused Radiation 

As described above, the first mirror which was constructed 

produced a relatively Intense focal spot. With the use of stops , the 

stray scattering was minimised and a suitable angular resolution was 

obtained. The degree of monochromatisatio/i remained to be evaluated 

before the instrument was to be used for low-angle diffraction measure- 

ments* 

In order to measure the monochromaticity of the focused radia- 

tion, a small spectrograph was designed to fit into the film holder 

position. With this instrument a focused spectrogram is produced 

measuring wavelengths up to about 20 A.U. 

A sketch of the spectrograph is shown in Fig. 27* The converg- 

ing x-ray beam from the mirror strikes a small cylinder of mica crystal 

so that all angles from 0° to 90° incidence are presented. Since the 

spacing of the cleavage planes of mica is 9.9 A.U., this permits Bragg 

reflections up to 19*8 A.U. Nearly all such reflections are focused 

onto a circular arc which passes through the image point and along 

which a film is placed* The resulting positions of a few of the wave- 

lengths of interest here are indicated. 

A spectrogram was taken with unfilt-ered Cu-L (13*3 A) radiation 

with the x-ray tube at ijOOO volts. A well focused spot image was 

formed at the expected position on the film for the 13*3 A.U. radiation 

and with no effective background radiation at any other wavelength. 
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2.  A Prellnlnary Measurement of the Dow Latex Particles 

A sample of the same latex material which was studied by 

(19) 
Danielson, Shenfil and DuMond   was suspended in water solution and 

re-dried onto a collodion film. A nearly transparent layer of material 

was formed in this way. 

A ten hour exposure of this sample in the total reflection 

camera resulted in the diffraction photograph shewn in Fig. 28. This 

was taken with the tube at liOOO volts and 20 ma. The Kodak Medical 

X-Ray film was used which was developed in D-19 for five minutes. 

The Cu-L (13.3 A) radiation was filtered tnrough two thicknesses of 

aluminum leaf which was .? mg per square centimeter mass thickness* 

The actual distance between the scratches was 1.888 cm. The sample- 

to-film distance was 19*99 cm. 

Recalling that the diffraction parameter, u, is given by the 

equation 

21TR6 
U =  K  

we may write an expression for tne diameter of the particle, D. in 

terms of the value of u and of the diameter, d, of the ring for a 

given maximum of the diffraction curve. Thus 

\ ».-£(-|).eu.M £)*.». (U.) 

Six microphotometer curves were measured for the six sharpest 

rings, numbers 5 through 10. Using the values of u for the maxima as 
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Tif. 21      LOW-ANGLE   DIFFRACTION   PATTERN  OF 
OOW  LATEX   PARTICLES (R-1380 A.U) 
USING   13.3   AU   X-RADIATION 



1 

I 

• 

: 

i 

-99- 

glwan In fig. 2 for a random distribution of iphine, the average 

value of (u/d) VM oaloulatad for aach ring. Those are listed in the 

table below. 

Ring        (u/d) 

5 32.8 
6 32.8 
7 32.6 
8 32.6 
9 32.6 

10 32.6 

In Fig. 28, circles corresponding to a value of u/d = 32.6 are 

drawn against the diffraction pattern in order to illustrate the extent 

of agreement with theory. This value of (u/d) may be used In (UU) to 

yield a value for D = 2760 A.O. 

The apparent shift in the peaks near the center of the pattern 

(57) 
nay be explained on the basis of inter-particle interferencev  . 

Since the material had been re-dried several tines before this sample 

was prepared the material was very likely to have been in clumps of 

many particles each. Robley Williams* has described in a private 

communication that the latex is attacked by bacteria and does change 

in structure unless it is kept in a sterile condition. The sample 

used here was not kept in this way. Also it has been observed that 

material dried in the menner described does become coated with a 

substance which is otherwise dissolved in the water solution. This 

coating appreciably Increases the particle else. For these reasons 

not very much significance should be attached to the value of the 

measured diameter as regards to an absolute calibration of the "sterile" 

Dow latex particles. The purpose accomplished here is rather to 

• University of California, Berkeley, California 
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llluatrate the possibilities of the new instrument and method. 

The relatively short exposure time required for this diffraction 

photograph* (in spite of the fact that the mirror was cut to less than 

one-third of a practical working length) and the angular and wavelength 

resolution which is indicated by the sharpness of the pattern do 

demonstrate the "hoped-for" performance of the instrument and method. 

A sterile sample of the latex particles has been kindly given 

to us by Dr. Williams. Work is now in progress In the setting up of 

a technique for the dispersing of these particles Into a monomolecular 

layer of random distribution. These are to be mounted on very thin 

collodion films in order that the identical sample may subsequently 

be transferred to the electron microscope for a verification of the 

randomness and sincde-layereditess of the dispersion, and to provide a 

direct calibration of the microscope as well* 

3.  Extension of the Research and Development of this Long Wavelength 

Low-Angle Diffraction Method 

A program for constructing optimum size mirrors for several 

different wavelengths is planned. It is of particular interest to 

develop a mirror which will monochromatice Al-K radiation as discussed 

above. 

It is intended to investigate extensively the problem of focal- 

spot broadening of a totally-reflected beam in order to learn where 

the practical limit of application of this method lies. 

It is hoped that a microphotometer can be developed, capable of 

exploring the entire circumference of each ring so as to utilise all 
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f of the radially ayiaaetric pattern and thus better average out the 

effect of filit grain.    This would be of exceedingly great value in 

| increasing the sensitivity and precision of the low-angle diffraction 

Method. 

I      i Finally, it is planned to begin a program of measurement of 

particle sites and shapes in the 100 A.U. to 500 A.U. range of large 

•olecules, virus* and bacteriophage, this work to be done along with 

I parallel studies with the electron microscope. 
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